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Ultraprecise aspheric mirrors that offer nanofocusing and high coherence are indispensable for developing
third-generation synchrotron radiation and X-ray free-electron laser sources. In industry, the extreme ultraviolet
(wavelength: 13.5 nm) lithography used for high-accuracy aspheric mirrors is a promising technology for
fabricating semiconductor devices. In addition, ultraprecise mirrors with a radius of curvature of less than 10
mm are needed in many digital video instruments. We developed a new type of nanoprofiler that traces the
normal vector of a mirror's surface. The principle of our measuring method is that the normal vector at each
point on the surface is determined by making the incident light beam on the mirror surface and the reflected
beam at that point coincide, using two sets of two pairs of goniometers and one linear stage. From the
acquired normal vectors and their coordinates, the three-dimensional shape is calculated by a reconstruction
algorithm. The characteristics of the measuring method are as follows: the profiler uses the straightness of laser
light without using a reference surface. Surfaces of any shape can be measured, and there is no limit on the
aperture size. We calibrated this nanoprofiler by considering the system error resulting from the assembly error
and encoder scale error, and evaluated the performance at the nanometer scale. We suppressed the effect of
random errors by maintaining the temperature in a constant-temperature room within ±0.01°C. We measured a
concave spherical mirror with a radius of curvature of 400 mm and a flat mirror and compared the results with
those obtained using a Fizeau interferometer. The profiles of the mirrors were consistent within the range of
system errors.
Keywords: Profiler, Direct measurement, Normal vector, Ultraprecision mirror, Aspheric mirror, Slope error,
Five-axis simultaneous control, Ultraprecision machiningReview
Ultraprecise aspheric mirrors that offer nanofocusing
and high coherence are indispensable for developing
third-generation synchrotron radiation sources such as
Super Photon ring-8, the European Synchrotron Radi-
ation Facility, and the Advanced Photon Source. To-
ward the practical realization of these light sources,
much scientific equipment and many analytical instru-
ments that outperform conventional instrumentation
are being designed. Hard X-rays at nanoscale spatial
resolution are expected to find wide applications in* Correspondence: usuki@qm.prec.eng.osaka-u.ac.jp
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ogy, medical treatment, and medical manufacture.
In industry, the extreme ultraviolet (wavelength:
13.5 nm) lithography used for high-accuracy aspheric
mirrors is a promising technology for fabricating semi-
conductor devices. In addition, many digital video in-
struments require ultraprecise mirrors with a radius of
curvature of less than 10 mm [1,2]. A light condensing
or image optical system mirror in the hard X-ray
and EUV regions must perform near the diffraction
limit in order to apply these light sources, which have
spatial resolutions on the order of nanometers. That is,
a next-generation ultraprecision mirror must meet the
following requirements: a surface roughness of 0.1 nm
peak to valley (PV) and an accuracy of form of 0.2 nmOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
Figure 1 Principle of profile measurement by normal vector tracing.
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measurement technology progress considerably to pro-
duce such a next-generation ultraprecision mirror.
Moreover, the measurement techniques require higher
precision than the machining methods.
Currently, these optical components are measured
by interferometers and coordinate measuring machines
(CMMs) [3,4]. A CMM can measure an aspheric sur-
face. Their reported accuracy is extremely precise,
which is 10 to 100 nm. CMMs perform contact-type
measurement, although they rarely damage samples
because of the low measurement pressure of 15 mgf.
They can measure only up to an inclination angle
of 60° because the probe approaches from the upper
Z-direction and scans the surface shape. Therefore,
they are unsuitable for the measurement of machine
elements with a high aspect ratio. The phase shift
Fizeau interferometer can measure an aspheric surfaceFigure 2 Overall coordinate system in this measurement. F, the coordi
sample system. S, the coordinate system of the main body of sample.with a high accuracy of 30 nm. However, it has limita-
tions; it requires an external optical reference and
depends on its precision, and it cannot measure a
mirror with a large radius of curvature. In addition,
the measured object must be approximately at least
100 mm in size. Other profilers include the Nano-
meter Optical Component Measuring Machine at
Helmholtz Zentrum Berlin/BESSY-II [5] and the Ex-
tended Shear Angle Difference instrument at the
Physikalisch-Technische Bundesanstalt [6]. These pro-
filers are currently the most widely used, and their
measurement accuracy is equal to 0.5 μrad RMS (3
nm RMS). However, the measurement range is limited
to ±5 mrad (the radius of curvature is ±500 m for a
length of 100 mm), and they can measure only sec-
tional two-dimensional shapes in a straight line. There
is no way to measure an aspheric surface with an ac-
curacy within the order of a nanometer.nate system of the optical system. W, a coordinate system of the
Figure 4 A schematic view of a nanoprofiler based on normal
vector measurements.
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contact profiler to measure aspheric surfaces with a ra-
dius of curvature from flat to 10 mm, with a figure error
of less than 1 nm PV, a slope error of less than 0.1 μrad,
and a measurement time of less than 5 min/sample.
Principle of measurement
Figure 1 illustrates the measurement principle of the
profiler. This measuring method is based on the
straightness of laser light and the accuracy of a rota-
tional goniometer [7,8]. Detector quadrant photodiode
(QPD) is established at the rotation center of two sets of
goniometers at the optical system side; moreover, a light
source is set at the position where it is equal to a rota-
tion center optically, and a measured surface is assem-
bled so that the distance becomes Ry from the original
point of the measured surface to the rotation center of
two sets of goniometers at the sample system side. The
normal vectors of each point on the mirror surface are
determined by making the incident light beam on the
surface and the reflected beam at that point coincide,
through the use of a straight stage (Δy) and two sets of
goniometers (θ, φ, α, β), each consisting of a pair of go-
niometers. This method measures the normal vectors
(nx, nz) and their coordinates (x, z) on the specimen sur-
face using the straightness of a laser beam. The surface
shape is obtained from the normal vectors and their co-
ordinates using a reconstruction algorithm. The machine
consists of an optical system with two goniometers and
one linear motion stage and a specimen system with two
goniometers [9,10].
Each normal vector on the specimen surface is equiva-
lent to the light vector when the incident and reflected
light paths coincide. To achieve this, the reflected beam
is controlled to return to the center of the QPD usingFigure 3 Photograph of newly developed nanoprofiler.the motion of each stage. Then, each normal vector is
determined from the angle of rotation of the goniome-
ters. Moreover, during measurement, the optical path
length (L) is kept constant by a y-stage (Δy), and the co-
ordinates of each normal vector are determined.
Figure 2 shows the overall coordinate system in this
measurement method. Measurement point coordinate P
and normal vector N of the measured surface are values
from coordinate system S. Therefore, firstly, measure-
ment point coordinate P and the normal vector N are
demanded in coordinate system F. It is made coordinate
transformation in the order of F → W → S. In Figure 2,
measurement point coordinate P and normal vector N
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Because there is the distance of coordinate system F and
coordinate system W ‘L−Δy + Ry’ apart on Y1-axis, in re-
gard to coordinate system W, measurement point
Figure 5 Block-diagram of five-axis simultaneously controlling system. The optical system with two rotational stages and one linear motion
stage is follow-up controlled to trace normal vectors, while the sample system with two rotational stages is fixed-command controlled.
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ation that Equation 1 is translated. In regard to coordinate
system W, normal vector N becomes the same as coordin-
ate system F. Therefore, Equation 3 translated Equation 1,
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Figure 7 First-time repeatability for concave spherical mirror.
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precision. Therefore, the shape is derived by assigning
P(x, z) and N(nx, ny) to derivation algorithm.
This profiler determines the surface shape from the
normal vectors and their coordinates by rotational mo-
tion, which is more accurate than linear motion and re-
quires no reference optics. Therefore, there are no
limitations on the measured shape, and free-forms can
be directly measured [11].
Algorithm for obtaining the surface profile
We developed an algorithm for calculating the three-
dimensional surface profile from the acquired normal
vectors and their coordinates. A normal vector is
equivalent to the surface slope or derivative of the sur-
face profile. In this algorithm, to derive a figure from
a normal vector and the coordinate, we express the
figure by a model function and then fit the differential
calculus function (slope function) to data on the nor-
mal vector by using the least-squares method. By cal-
culating each coefficient of the series, the surface
profile is determined. Equations 6 and 7 represent the
surface shape and slope for the two-dimensional case,
respectively; the same approach applies to the three-
dimensional case.
y xð Þ ¼ ∑ an⋅ cos k0nxð Þ þ bn⋅ sin k0nxð Þf g ð6ÞTable 1 Repeatability results for concave spherical mirror
First Second Third
Repeatability PV 0.81 nm PV 0.74 nm PV 0.85 nmf xð Þ ¼ dy xð Þ
dx
¼ ∑ an⋅ −k0nð Þ⋅ sin k0nxð Þ þ bn⋅ k0nð Þ⋅ cos k0nxð Þf g
ð7Þ




→min about an; bnf g ð8Þ
(fj, normal vector or slope; xj, its coordinates).
High-speed nanoprofiler
Figures 3 and 4 show a photograph and a schematic
view, respectively, of the newly developed nanoprofiler for
normal vector tracing. The maximum mass of the
main body of this machine is approximately 1,200
kg. The measurement sample can set up a greatest
dimension to Φ = 50 mm × 40 mm, with a max-
imum mass of 1 kg and an optical pass length of
400 mm between the sample and the detector. Add-
itionally, each optical element is set by the alignment
that a laser beam changes 10 nm on QPD, when a
normal vector changes 0.1 μrad. This machine has
two pairs of two-axis rotational stages with resolu-
tions of 0.17 μrad and one linear motion stage with
a resolution of 1 nm. The laser beam from the light
source scans the surface of the specimen. To return
the reflected beam from the surface to the center
of the QPD, each stage of the optical system is
follow-up controlled. Ultimately, the normal vectors
are acquired by each goniometer.
Figure 5 shows the five-axis simultaneous control sys-
tem, which consists of an optical system and a sample
system. The optical system has two rotational motions
Figure 8 Fizeau interferometer results for concave spherical mirror in three dimensions.
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trace the normal vectors. The sample system has two ro-
tational motions, which are fixed-command controlled.
This zero method in which the incident and reflected
light paths are made to coincide avoids the effects of dif-
ferences in QPD sensitivity and changes in the refractive
index distribution. In fact, the stationary errors of nor-
mal vector tracing are larger than the target accuracy, so
the QPD signal is read simultaneously with the output
from the five-axis encoder. Consequently, the stationary
errors can be ignored, and this process can be treated as
the zero method.
Measurement of a concave spherical mirror with 400 mm
radius of curvature
We measured a concave spherical mirror with a 400 mm
radius of curvature three times. The measurement time
was 25 min. The optical system, i.e., the light source and
QPD, was set at a point of 400 mm from the center of
the mirror. When measuring a concave spherical mirror,
if the optical system is set at the mirror's center of
curvature, we do not need to move the sample system,
and the reflected beam returns to the QPD within itsdynamic range. Therefore, we can acquire normal vec-
tors from the QPD output signal.
Figure 6 shows the average figure error for the three
measurements, which is 70.5 nm PV. Next, we evaluated
the repeatability. The repeatability is evaluated by taking
the average of the shape error for three times, and find-
ing a difference from the average. Figure 7 shows the
first-time repeatability of our profiler. The repeatability
was greater than 1 nm PV for all three measurements, as
given in Table 1.
We can reduce random errors such as air flow and
drift in temperature fluctuations by controlling the
temperature, provided that we can further stabilize the
constant-temperature room. The repeatability is expected
to be improved by enhancing the environmental parame-
ters to reduce these influences.
In addition, we compared the results for the concave
spherical mirror with those obtained using a Fizeau
interferometer, as shown in Figures 8 and 9. The result
for the Fizeau interferometer is 70.0 nm PV. Table 2
summarizes the results for both the profilers.
The difference between the nanoprofiler and Fizeau
interferometer results for the figure error may depend
Figure 9 Fizeau interferometer results for concave spherical mirror in two dimensions.
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phase-shift Fizeau interferometer is affected by the pre-
cision of the reference mirror. We cannot conclude that
the difference in these results is caused only by the
greater precision of the nanoprofiler. Therefore, we con-
clude that the profiles of both the mirrors are consistent
within the range of systematic error.
Measurement of a flat mirror
We measured a flat mirror three times. The measurement
time was 20 min. When measuring a flat mirror, we need
to move the sample system which has two sets of two pairs
of goniometers, optical system which has two sets of two
pairs of goniometers and one straight stage, and the
reflected beam returns to the QPD within its dynamic
range. During the measurement, each axis is controlledTable 2 Results of nanoprofiler and Fizeau interferometer
for concave spherical mirror
Nanoprofiler Fizeau interferometer
In three dimensions PV 70.5 nm PV 70.0 nm
In two dimensions PV 40.0 nm PV 45.0 nm
Measurement range 20 × 20 mm 30 × 30 mmnumerically. The numerical control parameter is calculated
in advance from the ideal shape of the sample. We detect
the gap in the normal vector for the figure error using QPD
because the sample has a figure error. Therefore, we can ac-
quire the declination of the normal vectors from the QPD
output signal.
Figure 10 shows the average figure error for the three
measurements, which is 21.0 nm. Next, we evaluated
the repeatability of the measurements, as shown in
Figures 11, 12, and 13. The repeatability of the first, sec-
ond, and third measurements was 1.08 nm PV, 1.26 nm
PV, and 1.25 nm PV, respectively.
When we compare the repeatability results, we see that
the repeatability in each direction varies depending on the
measurement. Because we used a raster scan method for
these measurements, the acceleration and deceleration pro-
vided a rigorous method of measurement. Therefore, every
measurement point is slightly different. The repeatability is
expected to be enhanced by improving the dynamic stiff-
ness of the optical head. In addition, when we measure a
flat mirror, five axles are controlled and moved. Therefore,
we cannot ignore the effect of the assembly error on the
figure. If the assembly errors are evaluated, we expect to
achieve measurements at an absolute shape precision of 1
nm PV by revising the systematic error in the future.
Figure 10 Figure error for flat mirror (average of three measurements).
Figure 11 Repeatability for flat mirror (first time).
Figure 12 Repeatability for flat mirror (second time).
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Figure 13 Repeatability for flat mirror (third time).
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In this study, we developed a high-speed nanoprofiler
that uses normal vector tracing. This profiler uses the
straightness of a laser beam and determines the normal
vectors on a specimen's surface by acquiring the values
of stages under five-axis simultaneous control. From
each normal vector and its coordinates, the surface pro-
file is obtained by a surface reconstruction algorithm.
To study the performance of the profiler, we measured
a concave spherical mirror with a 400 mm radius of
curvature and a flat mirror. For the concave spherical
mirror, the repeatability was greater than 1 nm PV for
all three measurements. In addition, we compared the
results for the concave spherical mirror with those
obtained using a Fizeau interferometer. The profile of
the mirror was consistent within the range of the sys-
tematic error. For the flat mirror, the repeatability was
almost 1.0 nm PV. To achieve our goal, the measure-
ment method needs to be improved. If the assembly er-
rors are evaluated, we expect to obtain measurements at
an absolute shape precision of 1 nm PV by reducing the
systematic error in the future.
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